Purpose: Many patients treated for dyslipidemia do not achieve recommended cholesterol goals despite the widespread availability of effective statins. Pharmaceutical claims show a strong tendency for patients to remain on their initially assigned treatment. With computer simulations, the impact of initial statin treatment decisions on medium-and long-term cardiovascular outcomes were examined. Patients and methods: Using the Archimedes Model, three treatment scenarios were simulated. Patients initiated treatment with simvastatin (20, 40, or 80 mg), atorvastatin (10, 20, 40, or 80 mg), or rosuvastatin (10, 20, or 40 mg), and periodically intensified treatment. The simulated population consisted of 50,025 patients, aged 45-70 years, with low-density lipoprotein cholesterol exceeding goal. The proportion of patients initiating each dose was calibrated to United States pharmacy claims. Patients not reaching goal intensified the dose of their current statin or switched to an appropriate dose of rosuvastatin at rates matching pharmacy claims. Biomarkers and major adverse cardiovascular events (MACE) were tracked for 10 years and several high-risk subpopulations were analyzed. Statin models used biomarker effects from the STELLAR (Statin Therapies for Elevated Lipid Levels Compared Across Doses to Rosuvastatin) trial and outcomes data from various trials. Results: Initiating therapy with rosuvastatin reduced MACE more than simvastatin or atorvastatin. The 5-year relative risk of MACE was 0.906 (95% confidence interval: 0.888-0.923; P , 0.001) for initial treatment with atorvastatin rather than simvastatin, 0.831 (0.812-0.850; P , 0.001) for rosuvastatin rather than simvastatin, and 0.918 (0.898-0.938; P , 0.001) for rosuvastatin rather than atorvastatin. Subgroups with higher MACE incidence experienced greater absolute benefit. Conclusion: Considering observed rates of treatment intensification, initial treatment choices appear to significantly impact medium-and long-term cardiovascular risk. Patients at high cardiovascular risk are good candidates for aggressive initial therapy.
Introduction
Each year, cardiovascular disease (CVD) causes an estimated 17 million deaths globally. 1 Elevated serum cholesterol is a modifiable risk factor that contributes significantly to cardiovascular risk. 2 Statins represent a powerful therapeutic option for lowering cholesterol and preventing major adverse cardiovascular events (MACE). this observation. 4, 5 In particular, these studies show a strong tendency among patients to remain on their initial therapy despite inadequate goal attainment, suggesting an opportunity to reduce medium-and long-term cardiovascular risk by initiating statin therapy using more efficacious statins.
To better understand the cardiovascular impact of initiating statin therapy at clinically relevant doses, this study used the Archimedes Model to simulate a series of clinical trials comparing the relative effectiveness of three different statin titration protocols, reflective of real-world care, in which patients received conservatively assigned, label-indicated statin doses, and subsequently intensified treatment at rates determined from United States pharmacy claims data. In the first scheme, patients initiated therapy using label-indicated starting doses of simvastatin -a commonly prescribed generic statin, but not the most powerful generic optionas defined by LDL-C reduction per milligram dose. In the second scheme, they initially received atorvastatin -a potent statin currently available in generic form. In the third scheme, they initially received rosuvastatin.
Methods

The Archimedes Model
The Archimedes Model is a trial-validated, clinically detailed simulation model of human physiology, disease progression, and health care delivery. 6, 7 The core of the Model is a set of algebraic and differential equations representing the physiological pathways pertinent to diseases and their complications. The model currently includes coronary artery disease; diabetes and its complications; congestive heart failure; stroke, hypertension; colorectal, lung, and breast cancers; and more in a single integrated model. Use of a single model enables Archimedes to compare a wide range of treatments, guidelines, and performance measures within an integrated system, and to address comorbidities, syndromes that span multiple organ systems, drugs that have multiple effects, and combinations of treatments. The use of continuous equations preserves the continuous nature of biological variables and the interactions between them, as well as the continuous nature of chronic disease. Interventions, both to prevent diseases and to manage them when they occur, are modeled at the level of the underlying biology.
The Archimedes Model is well suited to simulating clinical trials, allowing interventions and protocol changes to be compared using an identical population for each trial arm. First, a study cohort of virtual patients meeting the trial inclusion/exclusion criteria is created by generating simulated individuals with individual characteristics observed in real-world patients (in the present case, patients observed in the National Health and Nutrition Examination Survey 1999−2006 were used). 8 Using person-specific data from a real population, the Archimedes Model creates simulated populations of virtual individuals with distributions and correlations of risk factors, behaviors, medication usage, and medical histories reflective of the real population. Each patient's virtual life is then simulated for the trial period. Each person has a simulated physiology that can begin to function abnormally (due to the onset of a disease), triggering signs and symptoms (such as angina in the case of coronary heart disease). The virtual patients then may seek care in virtual outpatient clinics or emergency rooms. Virtual patients seeking care will receive virtual diagnoses and be treated with virtual treatments, all reflective of real-world health care protocols and guidelines. 13 and others) that are directly relevant to the current study. More details on the model can be found on the Archimedes website (http://www.archimedesmodel.com) and in prior Archimedes publications. 7, 14 Simulated study population
The aim of this simulation was to compare the effectiveness of statin titration protocols in a patient cohort eligible for statin therapy. A virtual population was created based on actual individuals randomly drawn from the National Health and Nutrition Examination Survey 1999-2006 database. 8 Virtual candidates were considered eligible for enrollment if they were aged 45-70 years and had LDL-C exceeding their conservative individual Adult Treatment Panel (ATP)-III goal (LDL-C targets of 100, 130, and 160 mg/dL) 15 after a washout period in which all lipid-lowering therapies were withheld. The benefit of treatment was analyzed for the full cohort and for a series of embedded subpopulations: those with diabetes mellitus; those with prior CVD -defined as a history of myocardial infarction or stroke; those with LDL-C more than double their aggressive ATP-III goal; those classified as moderate risk under standard ATP-III submit your manuscript | www.dovepress.com
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van Herick et al guidelines; and those classified as high risk under standard ATP-III guidelines.
Simulation design
The simulation was structured as a three-armed clinical trial comparing initial treatment with simvastatin, atorvastatin, and rosuvastatin. In the simvastatin arm, patients received a 20-, 40-, or 80-mg dose of simvastatin; in the atorvastatin arm, a 10, 20, 40, or 80 mg dose of atorvastatin; and in the rosuvastatin arm, a 10, 20, or 40 mg dose of rosuvastatin. Exactly the same virtual patients were simulated in each arm. Treatment in all trial arms began with a washout period in which all lipid-lowering therapies prescribed prior to trial enrollment were discontinued. Following the washout, simulated patients were prescribed a dose of the statin corresponding to the arm. In order for the simulation to realistically reflect current patient care, initial treatments were assigned using an algorithm that sought to minimize overtreatment while matching the distributions of initial dose assignments observed in the pharmacy claims data. Patient compliance with the initial treatments was calibrated to produce ATP-III LDL-C goal attainment rates and attenuated treatment effects consistent with prior publications. 4, 5 Compliance with the initial prescription was assumed to be independent of the statin offered, so the same compliance level was used in all three treatment arms. Once a patient complied with a statin prescription, they remained compliant with all subsequent prescriptions for the remainder of the simulation.
In follow-up visits, patients with LDL-C level greater than their target goal were considered eligible for treatment intensification. To reflect different treatment pathways for patients on the assigned statin treatment, a random draw assigned each patient to either (1) continue their current treatment, (2) increase the dose of the currently prescribed statin if a more powerful dose was available, or (3) switch to a dose of rosuvastatin 10, 20, or 40 mg, representing a modest treatment intensification from the current prescription. Those patients switching to rosuvastatin continued to be eligible for intensification using rosuvastatin until the maximum dose of 40 mg was reached. The possibility of treatment intensification using rosuvastatin in all arms ensured a realistic titration protocol, as most real-world health plans offer patients access to the strongest branded agents if less efficacious agents prove insufficient. Patients received follow-up visits 6 weeks after trial start, and periodically thereafter (with frequency ranging from 5 months to 1 year, consistent with the ATP-III guidelines) for the first 5 years of the trial. Patients were managed precisely to their LDL-C goal (that is all patients with LDL-C exceeding goal were eligible for intensification). After 5 years, no further intensification was offered, and patients maintained their statin treatments until the end of the simulation.
Blood pressure and glucose were managed according to The Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure and American Diabetes Association guidelines, respectively. 16, 17 Compliance with these guidelines was set to match levels of medication use observed in the National Health and Nutrition Examination Survey.
Modeling statin treatments
The statin treatment models were based on published clinical trials. The general approach used to model statins for this comparison has been described in detail elsewhere. 18 Briefly, in the Archimedes Model, statins reduce cardiovascular outcomes by affecting biomarker values (primarily through total cholesterol/high-density lipoprotein cholesterol ratio) and are parameterized with additional disease-specific benefits referred to as "pleiotropic" effects. Pleiotropic effects capture disease-specific benefits of interventions beyond those directly resulting from biomarker changes and are calibrated to match real-world trial results. The creation of each statin model began by matching the effects on the lipid panel to effects observed in the STELLAR (Statin Therapies for Elevated Lipid Levels Compared Across Doses to Rosuvastatin) trial. 19 Pleiotropic effects on CVD risk were then calibrated using the published hazard ratios and/or relative risks (RRs) from clinical outcomes trials. In cases in which a credible trial for a particular dose existed, the pleiotropic effect was calibrated directly based on the disease risk reductions observed in the trial. Otherwise, the expected RR for the statin dose was estimated based on a linear regression using other doses of the same statin. The observed total cholesterol/ high-density lipoprotein cholesterol reduction for each dose from the STELLAR (Statin Therapies for Elevated Lipid Levels Compared Across Doses to Rosuvastatin) trial served as the independent variable in the regression. Table 1 shows an overview of all statin models used in this study along with the clinical trials that supported each modeling effort. Figure 1 shows the relationship of the statin models to the results of published clinical trials.
Efficacy outcomes
The primary outcome was MACE, defined as the first occurrence of fatal or nonfatal myocardial infarction, fatal or nonfatal stroke, or death from cardiovascular causes.
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The cumulative incidence of MACE for each trial arm was determined from Kaplan-Meier survival estimates. The relative effectiveness of each treatment scenario was evaluated using RR, and the absolute benefit was evaluated using the number needed to treat (NNT). The RR estimates were computed as the number of events in the exposure scenario divided by the number of events in the control scenario. The NNT values were derived from Kaplan-Meier survival estimates using the method of Altman and Andersen. 20 Standard error computations for comparative statistics took into account the high correlation between trial arms, which results from simulating identical populations for each arm. This leads to smaller confidence intervals and P-values than might be expected for a similar real-world randomized study. All confidence estimates reflect the statistical uncertainty resulting from the stochastic nature of the Archimedes Model. Scientific uncertainty associated with the modeling assumptions is explored through sensitivity analyses.
Sensitivity analyses
The interpretation of pharmaceutical claims data supporting this study involved several simplifying assumptions that potentially impact the conclusions drawn from this study. To examine the sensitivity of the findings to these assumptions, and to better understand the relationship between initial treatment decisions and the level of intensification administered through follow-up care, three additional clinical trials were simulated:
• Low-intensification case: patients not at goal were three times less likely to intensify treatment as in the main study.
• High-intensification case: patients not meeting goal were three times more likely to intensify treatment as in the main study.
• Atorvastatin-only case: patients initiating treatment with atorvastatin could only intensify treatment using atorvastatin. Except for the rates of treatment intensification, the protocols and treatments used for the high-and low-titration cases were identical to those of the main study. In the atorvastatinonly case, patients intensified treatment at the same rates as in the main simulation, but without the possibility of taking rosuvastatin.
Results
Population baseline characteristics
The size of the virtual population was determined considering limits in computational resources and estimates of the sample size required to detect a difference in MACE incidence at 5 years with a power of 0.9. The baseline characteristics for the full cohort of 50,025 patients, along with those of the embedded subpopulations, are provided in Table 2 .
Statin treatment patterns
To verify that the simulations reflected realistic clinical care with respect to both initial treatment assignments and follow-up care, statin use in the simulation was compared with trends observed in pharmaceutical claims data. At baseline, the proportion of patients receiving prescriptions for each initial statin dose closely matched the claims data (Table 3) . 
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At year one, the proportions of patients intensifying treatment likewise corresponded closely to the pharmaceutical claims. Both of these matches were expected, as these were direct calibration points of the simulation. However, the pattern of treatment intensification at year two was not directly calibrated, yet also closely matched the patterns observed in claims data, suggesting that simulated treatment patterns would likely remain consistent with real-world trends for subsequent time points. An overview of treatment intensification patterns for years one and two is shown in Table 4 .
Effects of treatments on lipids and goal attainment
All three scenarios produced substantial improvements in the mean lipid levels. After 1 year, the mean reduction in total cholesterol/high-density lipoprotein cholesterol ratio from baseline was 25% for the simvastatin scenario, 28% for atorvastatin, and 31% for rosuvastatin. The corresponding reduction in LDL-C was 30%, 34%, and 38%, respectively. An overview of biomarker effects is shown in Table 5 . After 1 year, the proportion of patients meeting their conservative ATP-III LDL-C goal (LDL-C targets of 100, 130, and 160 mg/dL) was 65% for those initially assigned simvastatin, 69% for atorvastatin, and 73% for rosuvastatin.
submit your manuscript | www.dovepress.com Dovepress Dovepress first in each comparison above). RR was roughly equivalent across the embedded subgroups, with a slight decrease in benefit (RR closer to one) for the higher-risk groups. An overview of RR is shown in Figures 3-5 . At 5 years, the NNT to prevent one MACE was 217 for initial treatment with atorvastatin rather than simvastatin, 122 for rosuvastatin rather than simvastatin, and 275 for rosuvastatin rather than atorvastatin. At 10 years, the NNT to prevent one MACE was 122 for initial treatment with atorvastatin rather than simvastatin, 64 for rosuvastatin rather than simvastatin, and 135 for rosuvastatin rather than atorvastatin. The NNT figures trended lower among higherrisk subgroups and were lowest in the subgroup with prior CVD, with 5-year figures of 80 for treatment with atorvastatin rather than simvastatin, 45 for rosuvastatin rather than simvastatin, and 105 for rosuvastatin rather than atorvastatin. An overview of NNT is shown in Figure 6 .
Sensitivity analysis
The high-titration case showed a small decrease in the incidence of MACE compared with that in the main study, and the low-titration case showed a slightly increased incidence of MACE compared with that in the main study. Shown together in Table 6 , the point estimates of RR of MACE at year five, comparing the low-and high-intensification Abbreviations: HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TC, total cholesterol.
Endpoints
At 5 years, the Kaplan-Meier estimated MACE incidence was 4.9% for initial treatment with simvastatin, 4.4% for atorvastatin, and 4.1% for rosuvastatin. At 10 years, the corresponding incidence of MACE was 10.0%, 9.2%, and 8.4%, respectively. The absolute difference in MACE incidence generally increased with time ( Figure 2 ). At 5 years, the RR of MACE was 0.906 (95% confidence interval: 0.888-0.923; P , 0.001) for initial treatment with atorvastatin rather than simvastatin, 0.831 (0.812-0.850; P , 0.001) for rosuvastatin rather than simvastatin, and 0.918 (0.898-0.938; P , 0.001) for rosuvastatin rather than atorvastatin. At 10 years, the corresponding RRs of MACE were 0.917 (0.906-0.929; P , 0.001) for atorvastatin rather than simvastatin, 0.843 (0.830-0.856; P , 0.001) for rosuvastatin rather than simvastatin, and 0.919 (0.906-0.932; P , 0.001) for rosuvastatin rather than atorvastatin (RR values less than one are favorable to the treatment listed cases crossed with the three treatment scenarios, illustrate the sensitivity of the RR comparisons to treatment intensification rates. In three cases, RRs greater than one were observed, indicating at least some sensitivity to the titration rates used for this study. However, these cases are rather extreme in that they compare exposure groups having very low titration rates with control groups having very high titration rates. In cases in which intensification rates were varied across all three treatment scenarios uniformly, little change in RR between treatment scenarios was observed.
In the atorvastatin-only scenario, the 5-and 10-year RRs of MACE for treatment with rosuvastatin rather than atorvastatin were slightly lower than in the main simulation: 0.900 (95% confidence interval: 0.881-0.919; P , 0.001) and 0.911 (0.899-0.924; P , 0.001), respectively. The corresponding 5-and 10-year NNTs were also slightly lower: 218 and 120, respectively.
Discussion
This simulated study compared the relative effectiveness of three different statin titration protocols, each containing the most potent statin doses currently available, across a range of populations with varying cardiovascular risk.
Despite the availability of powerful statins, a large body of clinical evidence demonstrating the safety and efficacy of statins, and national guidelines recommending statins, many patients remain undertreated and fail to reach their lipid goals. 4, 5 The strategy of initiating patients on higher starting doses (chosen according to individual patient lipid levels, goal, and cardiovascular risk profile) appears a promising alternative to the more widely practiced "start low and titrate" approach. 21 The relative benefit of treatment between the most aggressive and most conservative scenario -rosuvastatin and simvastatin -varied modestly across all populations considered. For example, the 5-year RR of MACE given initial treatment with rosuvastatin versus simvastatin varied only from 0.790 (95% confidence interval: 0.740-0.839) for those with moderate ATP-III risk (who had the lowest incidence of MACE) to 0.854 (0.820-0.887) for those with prior CVD (who had the highest incidence of MACE). The potential absolute benefit was most compelling among patients in the high-risk subpopulations: those with previously diagnosed CVD, those deemed "high risk" under the ATP-III guidelines, and those with LDL-C more than double their aggressive ATP-III goal. In the rosuvastatin versus simvastatin comparison, submit your manuscript | www.dovepress.com Dovepress Dovepress the 5-year NNTs for these groups were 45, 78, and 77, respectively. At the 10-year time point, the corresponding NNTs were 35, 44, and 43, respectively. Among those with prior CVD, the 5-year NNT was 138 for treatment with atorvastatin rather than simvastatin and 175 for treatment with rosuvastatin rather than atorvastatin. These results indicate a significant opportunity to reduce the mediumand long-term incidence of MACE among patients at high cardiovascular risk by drawing from more aggressive formularies when initiating statin therapy. Compared with the main simulation, the atorvastatin-only simulation resulted in a minor change in RR, which seems to indicate that given the observed rates of treatment intensification in the real world, the availability of the most effective statin dose in follow-up care appears to play a minor role in cardiovascular risk reduction when compared with the efficacy of the initial dose.
Limitations
This study is based on a mathematical model and is subject to all the assumptions used to create it. The treatments examined in this study were modeled using results from published trials, and substantial efforts were taken to ensure the applicability of this simulation to actual clinical care settings by calibrating intervention effects and the patterns of statin use to real-world titration patterns. However, some aspects of real-world lipid management are not captured in the simulation. The analysis of pharmaceutical claims data used for calibration revealed a small but significant fraction of people backing off from their initially prescribed therapy, and the simplified titration protocols used for these simulations do not account for adverse side effects or backward titration, which potentially affects the degree to which this study reflects real-world clinical care scenarios. Although analysis revealed a minor sensitivity to large changes in individual intensification probabilities, even the extreme cases of the sensitivity analysis demonstrated a treatment benefit associated with aggressively initiating statin therapy. Furthermore, changes in intensification rates that affected all three treatment scenarios uniformly resulted in small changes in the relative benefit associated with the more aggressive treatment scenarios. Hence, it appears unlikely that reasonable differences between the intensification patterns used for these simulations and those that exist in the real world would significantly affect the findings of this study. 
Conclusion
This simulated study found that the practice of initializing statin therapy aggressively rather than conservatively has strong potential to improve cardiovascular risk for patients with elevated cholesterol. Among patients beginning statin therapy, the choice of the initial treatment appears to have a significant impact on patients' medium-and long-term cardiovascular risk. Under a treatment strategy of conservative initial assignment, patients did not appear to intensify treatment in sufficiently large numbers or quickly enough to lower cardiovascular risk as much as occurred when using a stronger set of initial treatments, despite the fact that the strongest statin doses were available in every treatment scenario. Furthermore, the availability of the most effective statin doses appears to play a minor role in reducing cardiovascular risk, when compared with the benefit of initiating therapy with stronger statins. This indicates a compelling real-world opportunity to reduce the incidence of cardiovascular events by initiating therapy using more aggressive treatments. In absolute terms, patients at highest cardiovascular risk would likely benefit the most from such a strategy.
